Spectroscopic investigations were performed on 67B 2 O 3 Á xLi 2 O Á (32-x)Na 2 O and 67B 2 O 3 . Á xLi 2 O Á (32-x)K 2 O (where x ¼ 8; 12, 16, 20 and 24) glasses containing 1 mol% Nd 2 O 3 . Covalency was studied as a function of x using Judd-Ofelt intensity parameters that are related to the ligand field symmetry and the degree of bond covalency. Results show that covalency increases when the third component is added to the binary borate glass matrix. Various spectroscopic parameters like Racah (E 1 , E 2 and E 3 ), spin-orbit (x 4f ) and configuration interaction (a) parameters have been calculated. Using Judd-Ofelt intensity parameters (O 2 ; O 4 and O 6 ), total radiative transition probabilities (A T ), radiative lifetimes (t R ), branching ratios (b) and integrated absorption cross sections ( P ) have been computed for certain excited states of Nd 3+ in these mixed alkali borate glasses. From the luminescence spectra, effective line widths (Dl eff ) and stimulated emission cross-sections (s p ) have been reported for the three transitions
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Introduction
Solid-state lasers have been employed in a vide variety of industrial and other applications. Rare earth elements in glasses have been widely studied for optical telecommunications and laser technology [1] [2] [3] [4] [5] [6] . From the optical absorption measurements, the effect of host matrix on the local environments of a given rare earth cation with its first nearest neighbor anions such as oxygen can be elucidated using Judd-Ofelt [7, 8] theory by studying changes of the experimentally fitted Judd-Ofelt intensity parameters, O l (l ¼ 2; 4 and 6). Gatterer et al. [9] studied Nd 3+ in sodium borate and found that O 2 and O 4 were affected by the symmetry of the crystal field around Nd 3+ ions and bond covalency. Saisudha and Ramakrishna [10] studied the effect of PbO concentration on the Judd-Ofelt parameters of Nd 3+ , Sm 3+ and Dy 3+ in borate glasses and showed that all the three parameters varied differently with PbO concentration. Binnemans et al. [11] gave optical properties of Nd 3+ doped fluorophosphate glasses. Li et al. [12] reported the spectroscopy of neodymium (III) in alumino-borosilicate glasses. Recently, Kumar et al. [13] reported the stimulated emission and radiative properties of Nd 3+ ions in barium fluorophosphates glass containing sulfate. De La Rosa-cruz et al. [14] reported the spectroscopic characterization of Nd 3+ ions in barium fluorophosphate glasses.
For alkali borate glasses, the abrupt property changes were observed between 15 and 20 mol% modifier oxide [15] . This peculiar and anomalous behavior referred to as 'borate anomaly' was first explained in terms of the unique ability of boron to exist in two distinct co-ordination states-the trigonal and tetrahedral states. The addition of alkali oxide to boric oxide results in the conversion of boron from trigonal to tetrahedral co-ordination and at 20 mol% of R 2 O (R=Li, Na, K and Rb) the tetraborate reaches maximum concentration, the boroxyl group disappears and the formation of diborate starts. Chong et al. [16] showed that mixed alkali borate glasses have structures that are quite similar to the binary borate glasses. In the recent past, we have studied the spectroscopic investigations of Nd 3+ in (Na 2 O) x (K 2 O) 30Àx (B 2 O 3 ) 70 (x=5, 10, 15, 20 and 25) glasses and also influence of Nd 3+ concentration on its optical absorption and luminescence properties in potassium borate glass [17, 18] .
In the present work, we report the spectroscopic and laser properties of Nd 3+ doped borate glasses of the type 67B 2 O 3 Á xLi 2 O Á (32-x)Na 2 O and 67B 2 O 3 Á xLi 2 O Á (32-x)K 2 O (where x=8, 12, 16, 20 and 24). The Judd-Ofelt theory has been applied to interpret the local environment of Nd 3+ ion and bond covalency of Nd-O bond. Our main interest in the present study is to examine the variation of Judd-Ofelt intensity parameters, peak-to-peak intensity ratios, radiative lifetimes, the shape of the spectral profiles of the hypersensitive transition, emission peaks and emission cross sections with x in the above two glass matrices.
Experimental
Mixed alkali borate glasses containing Nd 3+ ions were prepared using a regular melting technique. The details of preparation of these glasses were given in the authors earlier article [17] . The samples examined in the present work are 67B 2 O 3 Á xLi 2 O Á (32-x)Na 2 O and 67B 2 O 3 Á xLi 2 O.(32-x) K 2 O glasses with x ¼ 8; 12, 16, 20 and 24 mol % . The glass compositions are the formal glass composition, although for the calculation of the various parameters, the actual composition was taken into account. The actual composition was calculated from the exact masses of the components in glass batch. There appears to be negligible weight loss during melting (70.005 g in a 5 g batch).
Optical absorption spectra of the polished samples in the visible range were recorded at room temperature using U3400 spectrophotometer. Luminescence spectra were also obtained at room temperature using Midac-FT photoluminescence spectrophotometer under excitation wavelength 514 nm of Ar 3+ laser. The refractive indices of the samples were determined with an Abbe refractometer using monobromonaphthalene as an adhesive coating with an accuracy of 70.001 and the density measurements were made using Archemede's principle with xylene as immersion liquid to 70.02 g/cm 3 . The sample thicknesses were obtained using a micrometer to 70.002 cm.
Results and analysis

Spectroscopic parameters
The room temperature optical absorption spectra of Nd 3+ doped lithium sodium mixed alkali borate glasses in the wavelength range 300-1000 nm are shown in Fig. 1 for different x values in the glass matrix. The spectra of Nd 3+ in the other glass matrix have not shown as it is similar in shape. The experimental energies of the observed levels of Nd 3+ ion are presented in Table 1 . The rms deviations between the experimental and calculated energies (using the method explained in Ref. [19] ) are also presented in Table 1 and these values are very small which indicate that a full matrix diagonalization procedure leads to a good fit between the observed and calculated energies. The Racah (E 1 ; E 2 ; E 3 ), spin-orbit (x 4f ) and configuration interaction (a) parameters obtained for all the glasses studied are presented in Table 1 . The radial properties of Nd 3+ are more or less same for all the mixed alkali borate glasses as indicated by the hydrogenic ratios (E 1 =E 3 and E 2 =E 3 ).
Spectral intensities and intensity parameters
The experimental (f exp ) spectral intensities of the absorption bands of rare earth ions are obtained from the relation [20] 
where AðnÞ is the molar absorption co-efficient in (mol cm) À1 and n is the transition energy in cm À1 . The main contributions to the intensity of a transition between two electronic states of a rare earth ion are the electric dipole and magnetic dipole contributions. The f-f transitions are predominantly electric dipole in nature. The 
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where jjU l jj 2 represents the square of the reduced matrix elements of the unit tensor operator U l connecting the initial and final states. Because of the electrostatic shielding of the 4f electrons by the closed 5p shell electrons, the matrix elements of the unit tensor operator between two energy manifolds in a given rare-earth ion do not vary significantly when it is incorporated in different hosts. Hence, we have taken the values of doubly reduced matrix elements of unit tensor operator given by Carnall et al. [21] . Substituting the 'f meas ' for 'f cal ' and using the squared reduced matrix elements the three intensity parameters, O 2 ; O 4 and O 6 are obtained. Generally O 2 parameter is an indicator of covalency of metal ligand bond and O 4 and O 6 parameters are related to the rigidity of the host matrix. The intensities of most of the transitions are low in glasses with x ¼ 20 in lithium sodium glass and with x ¼ 8 in lithium potassium glass. It indicates that the crystal field asymmetry at the site of Nd 3+ is low at x ¼ 20 in lithium sodium glass and at x=8 in lithium potassium glass.
The best set of Judd-Ofelt intensity parameters (O 2 ; O 4 and O 6 ) obtained from a least square analysis of the observed oscillator strengths for all the mixed alkali borate glasses are presented in [22] suggested that instead of observing the variation in O 2 alone, it is appropriate to see the variation of the sum of the Judd-Ofelt parameters SO l ; which also increase with increasing covalency. SO l values for all the mixed alkali borate glasses and also for binary borate glasses are also presented in 
where A s, p are the crystal field parameters of rank s and are related to the structure around rare earth ions. Xðs; tÞ is related to the matrix elements between the two radial wave functions of 4f and the admixing levels e.g., 5d, 5 g and the energy difference between these levels. It has been suggested by Reisfeld [23] that X correlates to the nephelauxetic parameter b, which indicates the degree of covalency of the R-O bond.
Hypersensitive transition
For Nd 3+ ion, 4 I 9/2 -4 G 5/2 + 2 G 7/2 is the hypersensitive transition. It follows the selection rules DJp2, DLp2, and DS=0. The position and intensity of the hypersensitive transition are found to be very sensitive to the environment of the rare earth ion. In the present work, it is [27] observed that there is no change in the position of the peak wavelength of the hypersensitive transition with x in both the mixed alkali borate glasses. A careful investigation was carried out on the variation of the spectral profile of the hypersensitive transition with glass composition to monitor the covalency of the Nd-O bond in the glass matrix based on nephelauxetic effect. The hypersensitive transition in the absorption spectra of Nd 3+ doped glasses is split into two peaks by the Stark splitting due to crystal field. It was observed that whenever the glass composition varied the relative intensity ratio between the peaks also varied. The peak intensity ratios of the longer and smaller wavelength components are designated as I L /I S . An increase in the intensity ratio I L /I S is found indicating a shift of the center of gravity of the absorption spectra to longer wavelength [24] which indicates an increase in covalency of Nd-O bond. The present investigation reveals that the Stark splitting of the transition 4 I 9/2 -4 G 5/2 + 2 G 7/2 is not resolved in lithium sodium glass. In the case of lithium potassium glass, there is clear splitting for x=8, 12 and 16. For x=20 and 24 mol% the splitting is decreased and the relative intensities of the components changed, so that the splitting is hidden by the inhomogeneous broadening. However, the intensity of the peak at longer wavelength increases. I L /I s values in this glass matrix are 1.032, 1.091, 1.113, 1.123 and 1.23 for x=8, 12, 16, 20 and 24, which indicate that the covalency of Nd-O bond is increasing with the increase of lithium content in lithium potassium glass. Variation of spectral profile of the hypersensitive transition with x is shown in Fig. 3 for both lithium sodium (LSG) and lithium potassium (LPG) glasses.
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The analysis of the present work reveals that as there is no shift in peak wavelength of the hypersensitive transition and also as there is no peak splitting of the hypersensitive transition in lithium sodium glass, it is observed from Eq. (3) that jA s;P j alone is responsible for the decrease or increase of O 2 : The decrease in O 2 parameter from 9.59 Â 10 À20 to 7.57 Â 10 À20 cm 2 with the increase of x from 12% to 20 mol% indicating the structural changes (conversion of boron from trigonal to tetrahedral coordination) at these compositions. In lithium potassium glass, even though there is no change in the peak wavelength of hypersensitive transition, the peak intensity ratios are increasing with the increase of lithium content (x), which indicates increasing covalency. In this glass, except at x=16 mol%, O 2 parameter increases with the increase of x in the glass matrix. From Eq. (3), it is observed that jA s;P j alone is responsible for the decrease of O 2 parameter at x=16 mol%. It indicates structural changes at this composition. From Table 4 , it is also observed that the covalency decreases at x=16 mol% (i.e., at equal mole percentages) for all the three mixed alkali borate glasses.
Radiative properties
The O l values thus obtained from the absorption measurements are used to calculate the radiative transition probabilities, radiative lifetimes and branching ratios using the theory explained in Ref. [25] Table 3 . It is observed from the table that the total spontaneous transition probabilities of all the excited states of Nd 3+ increases with increasing covalency of the rare earth site (O 2 value). Takebe et al. [24] reported similar results in other oxide glasses. Variation of A T with x is shown in Fig. 4 for both lithium sodium and lithium potassium glasses. The radiative lifetime represents an effective average over site-site variations in the local Nd 3+ environment. The error in the estimated radiative lifetimes is nearly 710% for all the excited states. It is observed that the estimated radiative lifetimes of the excited states are low at x ¼ 12 and high at x ¼ 20 in lithium sodium glass. In lithium potassium glass, the lifetimes of all the states are high at x ¼ 8 and low at x ¼ 24 and these values are decreasing with the increase of x. The branching ratios (b) and integrated absorption cross-sections (S) for certain transitions of Nd 3+ , which have higher magnitudes are presented in Table 4 for both lithium sodium and lithium potassium glasses. From the table it is observed that integrated absorption cross-sections are high at x ¼ 12 and low at x ¼ 20 in lithium sodium glass, whereas in lithium potassium glass, S values are high at x ¼ 24 and low at x ¼ 8: The branching ratios are highest for 4 observed that among all the glasses studied, lithium sodium glass with x ¼ 12 and lithium potassium glass with x ¼ 24 are favorable for laser excitation.
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Fluorescence spectra
Good laser transitions are characterized by large cross-sections for stimulated emission. The Judd-Ofelt theory can successfully account for the induced emission cross-sections that are observed. The peak stimulated emission cross-section, s p is related to the radiative transition probability A(aJ, bJ ' ) by [25] 
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where l p is the peak wavelength and Dl eff is the effective line width of the emission band. From the above Eq. (4) s p depends on the intensity parameters O l ; the bandwidth Dl eff and the refractive index n. Both O l and Dl eff are affected by compositional changes. The luminescence spectra of Nd 3+ in lithium sodium mixed alkali borate glasses recorded at room temperature in the region 6000-12000 cm À1 , under excitation wavelength 514 nm of Ar 3+ laser are shown in Fig. 5 . The emission spectra in the other glass matrix have not shown, as it is similar in shape. In the emission spectra, three bands, a broad band at D880 nm, a strong band at D1060 nm and another band at D1330 nm are identified. These bands are assigned to the transitions 4 states. The sharp peak at D1060 nm i.e. 4 F 3/2 -4 I 11/2 transition composed of two peaks and the separation between the peaks varies with x. The peak-to-peak separation is 244, 236, 227, 240 and 240 cm À1 for x ¼ 8; 12, 16, 20 and 24 in lithium sodium glass matrix. In the case of lithium potassium glass, the peak-to-peak separation is 278, 267, 280, 244 and 240 cm À1 for x ¼ 8; 12, 16, 20 and 24. It is observed from the shape of the spectral profile of 4 F 3/2 -4 I 11/2 transition that as x increases from 8 to 16, the intensity of the small peak decreases and for x ¼ 20; the intensity increases in lithium sodium glass. However, when x ¼ 24; a marginal decline is observed when compared to x ¼ 20: In the case of lithium potassium glass, as x increases from 8 to 24, the intensity of the small peak decreases. It indicates structural variations and the accompanying changes in the Nd-O bond, due to increase in lithium content in lithium sodium and lithium potassium glasses. Similar type of variations is observed in the spectral profile of the hypersensitive transition for lithium sodium and lithium potassium glasses. [17] . It is also observed that s p value increases when the third component is added to the glass matrix [26] . Among all the glasses studied in the present work, lithium sodium glass with x ¼ 12 and lithium potassium glass with x ¼ 24 have higher stimulated emission cross-sections for the above transition. Variation of s p with x is shown in Fig. 6 for both lithium sodium (LSG) and lithium potassium (LPG) glasses. Certain fluorescence properties of 4 F 3/2 -4 I 11/2 transition are compared with various other glass matrices in Table 6 . It is observed from the table that emission cross sections are high in the mixed alkali borate glasses when compared with borate glass. The results of the present investigations conclude that lithium sodium glass with x ¼ 12 and lithium potassium glass with x ¼ 24 are more suitable for laser excitation.
Conclusions
The spectral intensities of most of the transitions are low in glasses with x ¼ 20 in lithium sodium glass and with x ¼ 8 in lithium potassium glass which indicate that the crystal field asymmetry is low at x ¼ 20 in lithium sodium and at x ¼ 8 in lithium potassium glass. O 2 parameter is high at x ¼ 12 and low at x ¼ 20 in the case of lithium sodium glass, whereas in lithium potassium glass this parameter is high at x ¼ 24 and low at x ¼ 8 thus suggesting strong covalency at x ¼ 12 and at x ¼ 24 in lithium sodium and lithium potassium glasses, respectively. The Judd-Ofelt intensity parameter O 2 is increased, when the third component is added to the glass matrix, which indicates increase in covalency with the addition of second alkali in the glass matrix. The hypersensitive transition 4 I 9/2 -4 G 5/2 + 2 G 7/2 is not resolved into two peaks by Stark splitting in lithium sodium glass and also there is no shift in the peak wavelength of the transition in this glass matrix. Hence A s;p is alone responsible for the increase or decrease in O 2 parameter. In the case of lithium potassium glass, there is a clear splitting and the peak intensity ratios are increasing with the increase of lithium content indicating the increase in covalency of Nd-O bond. The total spontaneous transition probabilities (A T ) of all the excited states of Nd 3+ increased with the increase of covalency of the rare earth site. The estimated radiative lifetimes (t R ) of all the excited states are low at x ¼ 12 and high at x ¼ 20 in lithium sodium glass. In lithium potassium glass, the lifetimes of all the states are high at x ¼ 8 and low at x ¼ 24: The branching ratios are highest for 4 G 5/2 -4 I 9/2 transition in both the glasses. From the shape of the spectral profile of the emission band, 4 F 3/2 -4 I 11/2 , it is observed that as x increases from 8 to 16, the intensity of the small peak decreases and for x ¼ 20; the intensity increases in lithium sodium glass. At x ¼ 24; a marginal decline is observed. In the case of lithium potassium glass, as x increases from 8 to 24, the intensity of the small peak decreases. It indicates structural variations and the accompanying changes in the Nd-O bond. The stimulated emission cross-sections and integrated absorption cross-sections for the emission band, 4 F 3/2 -4 I 11/2 at 1060 nm are high at x ¼ 12 in lithium sodium glass and at x ¼ 24 in lithium potassium glass. Hence, among all the glasses studied, lithium sodium glass with x ¼ 12 and lithium potassium glass with x ¼ 24 are more useful for laser excitation.
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